Abstract In this article we show the possible role of thermal inertia in the large spread of the simulated surface temperature over arid and semiarid regions among climate models. The surface-atmosphere interactions are investigated based on single-column simulations of the DIurnal land-atmosphere Coupling Experiment and on global simulations. Low values of the surface thermal inertia increase the diurnal temperature range (DTR) and the daytime turbulent heat fluxes. The diurnal response of surface temperature to the thermal inertia is asymmetric between daytime and nighttime, inducing a change in the daily mean surface temperature that can reach several degrees over large areas. This asymmetrical response to thermal inertia is shown to be due to the diurnal contrast of the stability state of the atmospheric boundary layer. Thermal inertia in dry regions plays a critical role on both DTR and surface mean temperature and needs to be carefully represented in land surface models.
Introduction
An accurate estimation of the daily mean surface temperature and also of the daily minimum and maximum temperatures is important especially for impact studies concerning health and eventually habitability [Perkins and Alexander, 2013; Sherwood and Huber, 2010] . However, significant biases persist in state-of-the-art climate models. The bias of air surface temperature in models that participate to the Coupled Model Intercomparison Project Phase 5 (CMIP5) [Taylor et al., 2012] is maximum over regions of high elevation and over the Sahara where it is about 2.5 ∘ C [Flato et al., 2013] . Over Sahara, the spread (defined here as 2 times the standard deviation) among models of the seasonal mean temperature is about 4 ∘ C for the 24 CMIP5 models considered in our study (see Appendix A). Dry regions are characterized by a large amplitude of the diurnal temperature range (DTR). Over Sahara the DTR is about 14 ∘ C, and the spread of its estimate among the 24 CMIP5 models considered here is as large as 6 ∘ C. It is unclear whether the model deficiencies originate from land surface or atmospheric models. Holtslag et al. [2013] identified the variation of the thermal land surface coupling among the 19 models which participated to GABLS3 as the principal source of excessive cooling during the night. Although the influence of atmospheric processes is generally dominant [Comer and Best, 2012] , Santanello et al. [2013] have shown that the influence of land models is larger in dry conditions than in other conditions. The aim of this study is to identify the key land surface-atmosphere processes controlling the daily mean and the diurnal cycle of surface temperature in semiarid and arid regions and to provide some guidance to reduce the errors of models in these regions. For doing so, we first use the 1-D case of DIurnal land-atmosphere Coupling Experiment (DICE) [Best et al., 2013; Poulos et al., 2002; Steeneveld et al., 2006; Svensson et al., 2011] and run it with two atmospheric models with very different boundary layer scheme (one has a higher turbulent mixing diurnal contrast), coupled with two land surface models with very different hydrological scheme. The soil thermal inertia appears to be critical and its effect is analyzed in detail. Beyond the DTR, the daily mean temperature is also modified due to the asymmetry of the impact of thermal inertia during daytime and nighttime. Global simulations with fixed sea surface temperature (SST) are then used to extend the DICE results. The range of results obtained for the CMIP5 models is then compared to the range of values we obtained with the different model configurations we use.
The paper is structured as follows. First, the numerical 1-D simulations for the DICE case are briefly presented in section 2. Then differences in the simulated diurnal surface temperature are presented in section 3 and 10.1002/2015GL065553 analyzed in section 4. A discussion follows in section 5. Global simulations are analyzed in section 6 and we conclude in section 7.
Numerical Models and Simulations
Two versions of the atmospheric global circulation model LMDZ, LMDZ5A, and LMDZ5B are coupled with two versions of the land surface model ORCHIDEE, ORCHIDEE2, and ORCHIDEE11.
In LMDZ5A [Hourdin et al., 2012] , the turbulent transport in the planetary boundary layer is represented as a vertical diffusion where the eddy diffusivity coefficient Kz depends on the local Richardson number [Laval et al., 1981] . A prescribed countergradient of 1 K km −1 allows heat transport when the vertical profile of temperature is close to stability [Deardorff , 1970] . In LMDZ5B , the planetary boundary scheme uses a combination of the Yamada [1983] scheme for small-scale turbulence and of the "thermal plume model" of Rio and Hourdin [2008] for the representation of the organized structures of the convective boundary layer [Rio et al., 2013] .
For the land surface, the two models share the same scheme for the thermal conduction in the soil but have different hydrological schemes. In ORCHIDEE2 (called ORC2 in the following), a two-layer parameterization is used [Ducoudré et al., 1993] . The upper layer has a varying depth and can appear at the surface after rainfall event to deal with short-time processes and disappear after dry spells [Manabe, 1969] . In ORCHIDEE11 (called ORC11 in the following), the vertical water transport is described using the Richard's equation [de Rosnay et al., 2002; d'Orgeval et al., 2008] discretized with 11 layers in a 2 m soil column. The layer thickness increases downward from 1 mm for the top layer to 1 m for the bottom layer [Campoy et al., 2013] .
A single-column configuration is first used to simulate the test case DICE (Kansas, latitude 37.65 ∘ N, longitude 263.265 ∘ E). The simulations cover a period of 3 days starting in the afternoon (19 UTC, 2 P.M. local time) of 23 October and ending on 26 October. The land surface model is initialized with a 10 year spin-up using Water and Global Change data [Weedon et al., 2011] from 1990 to 1998 and Smileyberg site data for the year 1999. The local surface characteristics are 80% of C3 grassland with a Leaf Area Index of 0.4, 20% of bare soil, the soil type is loam, and the surface roughness is 0.01 m.
Four versions of the LMDZ-ORCHIDEE model are then run at global scale in full 3-D configuration for AMIP-type simulations with prescribed SST. The grid has 96 points in latitude, 95 in longitude, and 39 vertical levels.
Simulated Surface Temperature for the DICE Case
The temporal evolution of the surface temperature in DICE simulations is represented in the Figure 1a . Observations show a typical diurnal cycle of the semiarid regions with a large DTR, of about 24 ∘ during the first day. The models capture the general behavior of surface temperature evolution, especially with the LMDZ5B physics coupled to ORC11. For a given atmospheric model, simulations with ORC2 have a smaller DTR than simulations with ORC11 and the difference can reach 11 ∘ C. The difference of surface temperature between ORC2 and ORC11 is much larger during nighttime than during daytime. The nighttime difference is on the order of 5 ∘ C with LMDZ5A and it reaches 7 ∘ C with LMDZ5B.
Such a sensitivity to land surface model was not anticipated since latent heat flux marginally contributes to the energy budget in DICE dry conditions and because both models share the same thermal conduction scheme. The explanation for this sensitivity lies in the coupling between humidity and thermal inertia.
The time evolution of the temperature under the surface is given by the equation
where z is the depth and F the conductive heat flux which is given by
where
is the volumetric heat capacity, and (W m
is the heat conductivity. In the case of vertically homogeneous soil (which is assumed here), it can be shown from equations (1) and (2) 
, that the conductive heat flux reads as follows: Hence, the magnitude of temperature fluctuations at the surface depends on the thermal inertia
The soil thermal properties and C depends on the soil moisture and above all increases with soil water content. The thermal inertia can vary from 600 to 2300 J m −2 K −1 s −0.5 [Murray and Verhoef , 2007] . The dependence of thermal inertia to soil moisture is taken into account in ORCHIDEE using the saturation degree of the soil, following Farouki [1981] . The difference between ORC2 and ORC11 arises from the difference in the vertical discretization of the two hydrological schemes. ORC2 has only one layer during this dry period and has therefore a constant soil moisture profile over its 2 m depth layer. This leads to a high value of thermal inertia at the surface of 2190 J m −2 K −1 s −0.5 . ORC11 has a better hydrological vertical discretization that produces a decreasing soil moisture profile from deeper soil layers to the surface in this case (data not shown). This leads to a lower thermal inertia at the surface of about 946 J m −2 K −1 s −0.5 , which is less than half the value using ORC2.
For an imposed oscillation flux of amplitude ΔF at the surface, the DTR is inversely proportional to the thermal inertia, according to DTR= ΔF∕(I √ 2 ∕ ), where is the period of oscillation [Wang et al., 2010] . In our case, the DTR is increased by 2/3 in LMDZ5A and by 3/5 in LMDZ5B when the thermal inertia is divided by more than two. This means that ΔF, and therefore the atmospheric processes are also impacted by a modification of the thermal inertia and attenuate the effect of the thermal inertia on the DTR.
In order to confirm the dominant role of thermal inertia in the difference obtained between ORC2 and ORC11, two additional simulations are performed bypassing the hydrological scheme by prescribing the ratio of evaporation to potential evaporation to a value adjusted to the DICE case (i.e., = 0.03) during the full run. The dependency of soil thermal properties on water content is removed and prescribed to obtain the two different values of thermal inertia obtained with ORC2 and ORC11, which are 2190 and 946 J m −2 K −1 s −0.5 , respectively. To do so, the thermal conductivity is prescribed to 1.60 and 0.48 W m −1 K −1 , respectively, and the thermal capacity is prescribed to 2.70 × 10 6 and 1.87 × 10 6 J m −3 K −1 , respectively. The results presented in the Figures 1c and 1d are very similar to those obtained with the two ORCHIDEE versions (Figures 1a and 1b) , confirming the dominant role of thermal inertia in the difference obtained between ORC2 and ORC11.
The simulations show a large asymmetry between the nighttime and the daytime response of the surface temperature to thermal inertia. This asymmetry is larger when using the LMDZ5B atmospheric model. Kumar et al. [2014] find a similar asymmetry between the daytime and the nighttime response of the surface temperature to thermal properties with changes up to 2 ∘ -3 ∘ for the day minimum surface temperature and minor changes for the day maximum surface temperature. The authors justify this asymmetry by the negative feedback of clouds on the net radiation, and therefore on the surface temperature, during daytime. This explanation, however, does not apply in the present dry and noncloudy case.
Simplified Energy Balance Model
To perform a quantitative analysis of the results, we develop an energy balance model at the surface considering the mean value of each variable during daytime and nighttime. This model is based on the hypothesis that regardless of the soil thermal properties, the total energy stored in the soil during daytime is released at the surface during the night. This approximation would be true in a steady state climate with a constant diurnal cycle. In this case, the integrated value of ground heat flux over the full day is zero and reads:
G d and G n are the soil heat fluxes (positive downward) averaged over daytime and nighttime, respectively, and is the fraction of the daytime (0.36 in the present case). The fraction of daytime is defined as the fraction of day during which the surface heats deeper soil layers (G > 0). We have verified that is independent from the soil thermal inertia used. Note that if the equilibrium hypothesis is not valid, a correction term must be introduced (see Appendix A).
The sum s of net shortwave radiation (SW net ) and downward longwave radiation at the surface (LW down ) is balanced by sensible (H) and latent (LE) turbulent heat fluxes, upward longwave radiation (LW up ), and soil heat flux (G). The flux s is positive when the surface is heated, and all other fluxes are positive when the surface is cooled. The daytime (subscript d) and nighttime (subscript n) energy balances read as follows:
Deducing G d and G n from the equations (6) and (7), and replacing them in the equation (4) lead to the following:
The difference of a given variable X between the two simulations with different thermal inertia is defined by X = X I2 −X I1 , where I refers to the thermal inertia. Assuming that the fraction of daytime does not depend on thermal inertia, the variation of each component of the energy balance with thermal inertia reads as follows:
Assuming that these differences are mainly due to the surface temperature change T s and defining X ′ = X∕ T s leads to
To highlight the asymmetry between the daytime and the nighttime response of the surface temperature to thermal inertia, this equation can also be written as follows:
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Role of the Boundary Layer
Equation (10) shows that the ratio between the nighttime and the daytime response of the surface temperature to thermal inertia depends on the length of daytime and on the ratio between the daytime and nighttime sensitivity of atmospheric fluxes to the surface temperature. If the length of daytime is equal to the length of nighttime and if the sensitivity of atmospheric fluxes to the surface temperature is the same during day and night, the response of the surface temperature to thermal inertia is symmetric between day and night. The DTR therefore changes without impacting the mean surface temperature. This is not the case in the present study.
The values of the terms in equation (10) are given in Table 1 . Both daytime and nighttime values of s are almost insensitive to a change in thermal inertia. This is mainly because the atmosphere is free of clouds. The daily temperature range is small enough that the sensitivity of the upward longwave radiation to temperature is about the same for both daytime and nighttime (LW
, see Table 1 ). In contrast, model results show a large difference between daytime and nighttime sensitivity of both sensible and latent heat fluxes. The sensitivity of turbulent heat fluxes during daytime is 5 to 20 times larger than during nighttime, depending on the atmospheric model. Note, however, that the DICE case being a relatively dry case, the contribution of the latent heat flux is about 6 times lower than the contribution of the sensible heat flux. As a result, the sensitivity ′ s can be neglected, the sensitivity LW ′ up can be assumed to be the same during daytime and nighttime, and equation (10) can be written as follows:
All sensitivities of the fluxes to the temperature are positive. Therefore,
This effect can be attenuated depending on the ratio ∕(1 − ) between the length of the day and that of the night.
Note that the difference of the DTR is larger than the difference T sd − T sn because the latter is computed with mean values and the DTR is computed with extreme values.
The important role of the surface-atmosphere thermal coupling and the vertical diffusion during the night has already been discussed in Bosveld et al. [2014] and in Sandu et al. [2013] . The turbulent heat fluxes depend on the stability of the planetary boundary layer. The larger the instability, the higher the sensitivity of turbulent heat fluxes to surface temperature. Because of the solar forcing, the boundary layer is unstable during daytime and a small variation of surface temperature due to soil thermal properties translates into large variations of turbulent heat fluxes. Hence, the sensitivity of surface temperature to thermal inertia is low during daytime. During the night, the total energy stored during the day in the soil is released at the surface. The atmosphere is stable and almost decoupled from the surface, the turbulent heat fluxes remain small, and only the LW up responds to temperature changes. A small change of the ground heat flux translates into large variations of the surface temperature. The sensitivity of the night temperature to thermal inertia is large.
In other words, for a given , the higher the contrast of the stability of the boundary layer between daytime and nighttime, the larger the asymmetry of the sensitivity of surface temperature to thermal inertia. In the DICE case, is equal to 0.36, thus reducing these effects by half.
The diurnal contrast of the turbulent heat fluxes also explains the sensitivity differences of the surface temperature to thermal inertia for the two atmospheric models as mentioned in section 3. The LMDZ5A model produces more turbulent mixing during nighttime and slightly less mixing during daytime compared to LMDZ5B (see Table 1 ). The diurnal contrast of the turbulent fluxes is thus lower in LMDZ5A, leading to a weaker asymmetry of the surface temperature response to the thermal inertia. (Figures 2a, 2c , 2e, and 2g) and the December-January-February-March (DJFM) (Figures 2b, 2d , 2e, and 2f ) seasons. Note that the scales go from −6 to 6 for the mean surface temperature, from −11 to 11 for the minimum surface temperature, and −4 to 4 for the maximum day surface temperature.
The diurnal asymmetry of the temperature response to thermal inertia leads to a modification of the daily mean temperature: T s = T sd + (1 − )T sn . The impact of the thermal inertia on the mean surface temperature is about 0.8 ∘ in LMDZ5A and 1.9 ∘ in LMDZ5B (see Table 1 ). This impact primarily depends on the difference between the daytime and the nighttime sensitivity of the different fluxes to the surface temperature, as deduced from equation (11):
Note that this conceptual model was also applied on DICE simulations where ORC2 and ORC11 are used. The results are consistent with the results obtained when the coefficient is prescribed (data not shown) because the contribution of the latent heat flux in this dry case is very low.
Extension to Other Dry Regions and Comparison With CMIP5 Models
To evaluate the impact of thermal inertia on the surface temperature diurnal cycle at the global scale, four sensitivity runs have been performed with the two atmospheric models, LMDZ5A and LMDZ5B, coupled to the land surface model ORC11 whose thermal inertia was prescribed with two extreme values (850 and 2400 J m −2 K −1 s −0.5 ) that span the range of possible values. They correspond to a change of thermal inertia of ±50% around 1600 J m
Results with LMDZ5B are presented in Figure 2 and show that the sensitivity obtained in the DICE case is representative of arid and semiarid regions. They show a high sensitivity of the surface temperature to thermal inertia over most dry regions. These dry conditions can be permanent (e.g., Sahara, Arabian peninsula) or seasonal (e.g., Sahel, Great Plains in the USA). The daytime surface temperature sensitivity to the thermal inertia is asymmetric. The sensitivity of the minimum surface temperature during nighttime is much higher (8 ∘ C over Sahara) than the sensitivity of the maximum temperature during daytime (2 ∘ C over Sahara). This asymmetry in the sensitivity of daytime and nighttime temperatures to thermal inertia translates into a sensitivity of a daily mean surface temperature larger than 2 ∘ C over many dry regions. An underestimated soil thermal inertia results in an overestimated DTR which in turn lowers the daily mean temperature because of the asymmetric sensitivity. The variation of DTR and mean temperature when changing thermal inertia are anticorrelated.
In order to compare the results obtained with the four LMDZ-OR model configurations and the 24 CMIP5 models, we plot in Figures 2g and 2h the mean temperature as a function of the DTR over Sahara (10 ∘ W-20 ∘ E, 25-30 ∘ N) for JJAS and DJFM, respectively. The anticorrelation between the DTR and the mean temperature we found when changing thermal inertia is also present when modifying the atmospheric physics from LMDZ5A to LMDZ5B and when comparing the whole set of 24 CMIP5 models. The sensitivity of the daily mean surface temperature to thermal inertia due to the asymmetric response of daytime and nighttime temperatures appears to be a more general property.
The LMDZ-OR simulations cover the range of DTR obtained with the CMIP5 models. An uncertainty on thermal inertia of ±50%, which is the example we consider, has an impact on DTR of 7 to 10 ∘ C, i.e., of the order of the CMPI5 multimodel spread. The range of thermal inertia we consider may be too large, but these results highlight that thermal inertia is a parameter that is crucial over dry regions and its value need to be carefully estimated in land surface models.
In our simulations DTR is weakly sensitive (<2 ∘ C) to the atmospheric model when the soil thermal inertia is large, whereas DTR is more sensitive (≈4 ∘ C) when the thermal inertia is small. Conversely, DTR is more sensitive to thermal inertia when the diurnal contrast of the PBL stability is high (LMDZ5B) rather than when this contrast is low (LMDZ5A). Over arid and semiarid regions, both atmospheric and land surface processes interact strongly and it is difficult to quantify independently the relative importance of each of these processes.
Conclusion
The soil thermal inertia impacts directly the diurnal temperature range (DTR) with lower thermal inertia inducing higher DTR (and vice versa). But it also impacts the turbulent heat fluxes and this study demonstrates the importance of the diurnal variation of the stability of the atmospheric boundary layer on the sensitivity of surface temperature to thermal inertia. During daytime, when the atmosphere is unstable, changes in soil thermal properties mainly impact turbulent heat fluxes, whereas during nighttime, when the atmosphere is stable, changes in soil thermal properties mainly impact the net longwave radiation flux and the surface temperature.
As a consequence, the response of surface temperature to a change of thermal inertia is asymmetrical with a larger response during the night than during the day. This asymmetry induces a change of the daily mean temperature, and not only a change of the DTR. The asymmetry increases when the diurnal contrast of the stability of the planetary boundary layer increases. This sensitivity to the thermal inertia is large on the global scale and, in particular, over a large fraction of the dry regions. For example, a change of the thermal inertia by ±50% modifies the mean temperature over the Sahara by about 3 ∘ C.
This study highlights the importance of a good representation of the dependency of soil thermal properties to both geological properties and soil water content in land surface models. In particular, land surface models should simulate a precise description of the vertical water profile near the surface since only the first few centimeters of the land surface control the thermal inertia and therefore the diurnal cycle of surface temperature.
